It is desired that mass spectrometers should be compact and cost effective for use as diagnostic or monitoring tools. We examine the factors which restrict the optimum value of mass resolution attainable for time-of-flight mass spectrometers (TOF-MSs) of compact size. We have developed a 1 m long TOF-MS to diagnose plasma processes. As basic specifications, we obtained a wide mass range of over 20,000 u=e as well as a high mass resolution of up to 2,500. We succeeded in observing various kinds of positive and negative ionic polysilane molecules in addition to the neutrals in a demonstrative diagnosis of the typical silane plasmas relevant to the deposition of the hydrogenated amorphous-silicon thin-film solar cells. This diagnostic system may be a versatile and powerful tool to investigate the detailed reaction processes in various processing plasmas for thin-film deposition and surface treatment.
Introduction
Plasma-enhanced chemical vapor deposition (PECVD) is one of the powerful techniques widely used in industrial processing for thin-film fabrication in the electronics industry. However, particulates (of dust or powder) tend to be generated in such plasmas, especially under the conditions where the deposition rate is enhanced by increasing the discharge power and the gas pressure. In general, the dust growth should be suppressed for particulate contamination-free deposition. In the fabrication of hydrogenated amorphous-silicon (a-Si:H) thin-film solar cells, the production of gas-phase higher-order silane-related molecular radicals in the rf silane plasmas is a serious problem since they are correlated with the film properties after lightinduced degradation. 1) These polysilicon hydride molecules and clusters are considered to be the precursors of larger particulates. However, apart from the undesirable effects of particle generation, it has been recently recognized that the deposition of particles may accelerate the crystallization process and lower the number of crystal defects, leading to the production of more efficient solar cells. 2) In either case, it is important to understand the growth process of various particle species in the plasmas, in order to control the thinfilm properties.
Although several mass-spectrometric studies have been reported on the particle generation in the silane plasmas for the a-Si:H thin-film deposition, most of these measurements were performed by quadrupole mass spectrometers (QMSs) which showed the presence of small-sized molecules and clusters in addition to the atomic species. [3] [4] [5] On the other hand, the much larger fine-particles of a sub-micron size were observed by laser light scattering. These results suggest that the plasmas should contain various particles of different sizes continuously ranging from the atomic and molecular species to the fine-particles including the intermediate clusters. It is therefore important to study the mass spectra of these particles over the entire mass-range in order to understand the kinetics of the particle growth in the processing plasmas.
QMS is one of the convenient tools to measure the constituents of gases and small clusters but there are some restrictions as follows:
(1) Narrow mass range (2) Low transmission efficiency (3) Decrease in the mass resolution as the mass increases. The clusters experimentally observed so far by QMSs were only of the size below 2,000 u=e 3, 4) because of their limited mass range and the low transmission. Realizing that these disadvantages of the QMSs may be overcome by timeof-flight mass spectrometer (TOF-MS) systems, we have already developed a prototype TOF-MS for the cluster research. Although it is 1.8 m in length, we have attained a wide mass range of above 200,000 u=e and a high mass resolution of up to 5,000.
6) Based on these demonstrated advantages of the TOF-MSs, we have further developed another compact TOF-MS system to diagnose the plasma CVD processes.
In §2, the basic design concepts are discussed based on an examination of different factors affecting the mass resolution as well as the mass range and then the design parameters are given for a TOF-MS of 1 m in length. This compact TOF-MS system was applied to the diagnostics of processing plasmas for PECVD of the a-Si:H thin-film solar cells. The measurement schemes and the experimental TOF mass spectra of various species of different charge states are shown in §3.
Development of a Compact TOF-MS of 1 m Length

Mass resolution
For practical construction of the smaller and less expensive TOF-MSs as diagnostic or monitoring tools, a major limiting factor has been the resolution. The mass resolution R of TOF-MSs, that is defined by the ratio of the mass number M to the detectable mass difference ÁM is given by
where t total , the total time-of-flight, is proportional to the square root of the mass M and Át is the broadening width of the time-of-flight profile.
Generally ÁM and Át are given by the full-width half maximum (FWHM) of the corresponding mass peak. As t total is also in proportion with the flight length, it is approximately in scale with the size of the TOF-MS. Therefore in principle, the smaller t total leads to the lower mass resolution for a given Át. This is one of the reasons for the relatively low mass resolution of the existing small TOF-MS systems. The mass resolution is inversely proportional to Át and it is therefore obvious that the decrease in Át results in the increase in the mass resolution for a given flight time, t total . Therefore one can attain the moderately high mass resolution even on relatively small TOF-MSs, if Át can be sufficiently reduced. In order to develop a compact TOF-MS with a higher mass resolution, we examine the designparameter dependences of Át and the practical solutions in the following, referring to the configuration of our compact TOF-MS shown in Fig. 1 and the specifications listed in Table I .
When there are different factors that introduce their corresponding time resolution, Át i ði ¼ 1; 2; ::; nÞ, the effective total time-resolution of the TOF-MS system, Át, is given by
ð2:2Þ
Therefore it is important to minimize the effect of the dominant factors, evaluating their relative contribution to the total resolution. First, we consider the factors, the effects of which on the resolution have no or weak dependence on the size of the TOF-MSs. As the relative magnitude of the uncertainty of the ion velocity along the flight axis, Áv=v, is related to the time-resolution and the mass resolution R as accelerator and reflector. A reflector scheme 7) can effectively compensate the spread of the flight time due to the kinetic energy or velocity spread of the accelerated ions caused by (a). We used a two-stage reflector, satisfying the conditions for the compensation of the effect of the initial energy variation up to the second order. To minimize the effect of the longitudinal translational component of (b) the initial ion velocity, we adopted an orthogonal acceleration configuration and the high acceleration potential U a up to AE20 kV, where the ions are orthogonally deflected to the drift tube in the accelerator. Under these conditions, the accelerated ion velocity along the flight axis is sufficiently high to also reduce the effect of the relative lateral velocity spread of the clusters normal to the incident beam axis to the sufficiently low level from the similar consideration based on eq. (2.3). Regarding (c) we applied homogeneous electric fields by careful design and construction of the electrode systems. We also take into account the ion-deflection effect induced by the mesh grids. The effects of these three factors, (a), (b) and (c), on the resolution could be suppressed to a practically negligible level. The factor (d), the fluctuation of the electric field due to the temporal variation of the acceleration voltage sources, results in the scatter of the kinetic energy of the accelerated ions (the acceleration potential, K 0 ) and therefore leads to the dominant residual dispersion of the time-offlight. As the time-of-flight is inversely proportional to the ion velocity and therefore to the square root of the ion kinetic energy K 0 , the small relative magnitude of the fluctuation of the time-of-flight is approximately given by the half of the relative variation of the acceleration potential. ionized by laser pulse at P 0 , where the ions are deflected and injected into the drift tube at the ground potential. Table I . Design parameters of the TOF-MS. L eff is given by the distance that the ions travel at the constant drift velocity corresponding to the kinetic energy of K 0 during their flight time, that is, the product of the total flight time multiplied by the constant drift velocity. For the notation of other parameters refer to Fig. 1 . The corresponding value of the mass resolution, R ÁK , is given by
ð2:4Þ
Therefore, one should use high-voltage power supplies with a sufficiently high stability. In our compact TOF-MS system, we used the commercially available inexpensive power supplies with a nominal stability of AE0:02% including the temporal drift and the ripple. Equation (2.4) gives the corresponding mass resolution of R ÁK ' 2; 500. Note that this value cannot be reduced even by increasing the flight length and it is the upper bound of the mass resolution obtained on the long TOF-MSs. Next, we consider the factors that give rise to the dependence of the mass resolution on the size of the TOFMSs. They are not derived from the main body of the TOF-MS system but related to the temporal response of the systems, that is, the uncertainty in the time-measurement by the auxiliary instruments:
(e) the scatter of the starting time of the ion-flight due to the finite width of the ionizing laser pulses in case of the measurement of the neutral clusters. (f) the temporal response of the detectors. (g) the temporal response of the signal-processing electronics. The magnitudes of these time resolutions Át i are independent of the mass and the charge of the ions. From eq. (2.1), the mass resolution due to the time resolution Át 0 is given by
where L eff is the effective total flight length in m, K 0 is the acceleration potential in keV and Át 0 is given in ns. L eff is the effective flight distance that the ions travel at the constant drift velocity corresponding to the kinetic energy of K 0 during their flight time t total , that is the product of the total flight time multiplied by the constant drift velocity. From eq. (2.5), it is shown that these factors restrict the massresolution practically attainable in a region of a small mass M as well as on the compact TOF-MS systems of a limited size of L eff . In addition it should be noted that the higher acceleration potential K 0 leads to the lower resolution R Át because of the decrease in the flight time for a given time resolutionÁt 0 . In the measurement of the neutral species, we used a pulsed-laser ionization scheme. The temporal spread of starting time of the ion flight in the ion source, (e), is determined by the duration of the ionizing ArF and F 2 excimer laser pulses. In our diagnostics system, the duration of the laser pulses was 2.5 ns. In the measurement of the ion species, we adopted a pulsed acceleration method to accelerate the ions after their introduction into the accelerator region of the TOF-MS system. We have developed the pulse generators, which generate fast-rising high-voltage pulses with a high fidelity and a small jitter 8) and can reduce the effect of (e), the temporal spread of the ion start, to a negligibly small level. The effect of the temporal jitter of the ionizing laser pulse or the acceleration voltage pulse were eliminated by adopting the monitored output pulse as a start pulse of the TOF measurement. To attain (f) the fast response of the detector, we used a high-speed microchannel-plate (MCP) (Hamamatsu: F4655) and had the resolution (the rise time) of the ion-detection circuit of about 1.3 ns. As for (g) the fast and stable signal processing, fast electronic instruments are readily available presently and the performances of the data processing systems are sufficiently fast for the present application. We introduced the sufficiently fast electronic systems with the bandwidth of 1 GHz. Therefore, we had the effective root-mean-squared (RMS)
Mass range
Although there is no upper limit on the mass range of the TOF-MSs in principal, the practical mass range is restricted by two factors: the transmission of the ions up to the detector and the detection efficiency of the ion detectors such as the MCP. Both of them decrease with the increase in the ion mass and the higher acceleration potential is preferable to improve the performance in the high mass region. We applied the voltage (U a ) between the acceleration electrodes typically up to AE20 kV with the effective ion potential of K 0 ¼ 14:40 keV as shown in Table I . To measure the positive and negative ion clusters, we also developed pulse generators which can produce fast-rising (<90 ns) high voltage (up to AE25 kV) pulses.
8) The transmission efficiency depends on the performance of the focusing ion-optics especially in the orthogonal ion acceleration mode and we obtained sufficient transmission using two sets of quadrupole lenses. In the pulsed acceleration mode, the ion focusing optics is generally operated also in the pulsed mode but we used the dc voltage sources instead for economic reasons and suppressed the penetration of the disturbing stray electric fields into the accelerator region by the grounded mesh screen. It should be noted that the higher acceleration potential K 0 leads to the lower resolution R Át in the low mass region as mentioned above.
Design parameters and performance
Based on the basic consideration we have designed and constructed a TOF-MS, which is contained in a vacuum chamber of 1 m length. Figure 1 and Table I show a schematic drawing and the design parameters of the TOF-MS, respectively. The folded path length in the TOF-MS is
As a data-recording system based on the pulse counting scheme, we used a digital oscilloscope or a multi-stop timeto-digital converter (TDC) of a 0.5 ns resolution combined with a data-processing personal computer. While the current detection mode where the ion signal is measured by accumulating the waveforms of the individual ion current on the oscilloscope is useful to qualitatively measure the relative abundance of the ions, the pulse counting method enables us to attain a wide dynamic range and sufficient accuracy of the ion count for the quantitative measurement of the time-of-flight spectrum. In the pulse counting measurement, the intensity of the ion signal (the ion flux) was reduced to be sufficiently low so that the multiple ions of identical mass should not hit the detector simultaneously. The maximum sampling rate of the measurement system is 100 Hz.
As a performance test of the TOF-MS, we first combined the TOF-MS with a laser ablation cluster source. 9) In the measurement of the photo-ionized tantalum clusters, we have attained a high mass resolution of up to 2,000 and a wide mass range of over 20,000 u=e, simultaneously. The maximum value of the measured mass of 20,000 u=e corresponds to Si 714 , which is equivalent to a fine-particle of diameter of about 3.0 nm. Our new TOF-MS demonstrated a high performance sufficient for diagnostics of the silane plasmas.
Now we examine the mass resolution attained for the present TOF-MS, as compared with a theoretically predicted scaling. For Át 0 ¼ 2:9 ns, L eff ¼ 1:36 m and K 0 ¼ 14:40 keV, two kinds of mass resolutions are given by R Át ¼ 141 ffiffiffiffi ffi M p from eq. (2.5) and R ÁK ¼ 2; 500 from eq. (2.4). When there are several factors contributing to the effective mass resolution, R eff , it is given as
ð2:6Þ
Then R eff is given by a simple function of the mass number
ð2:7Þ Equation (2.7) shows that the mass resolution is a monotone increasing function of the mass. In the low-mass region, the effective mass resolution is determined by the time resolution Át 0 and approximately given by the first term as R Át ¼ 141 ffiffiffiffi ffi M p . In the sufficiently high-mass region, we have the asymptotic value of the mass resolution R ÁK ¼ 2; 500 determined by the stability of the acceleration potential K 0 . For M ¼ 314, the effects of both terms in eq. (2.7) are of equal weight and R eff % 1; 770.
In order to identify the number of the hydrogen in the polysilicon hydride clusters Si n H x with the mass number of M, it is necessary to distinguish the mass difference of 1 u. This condition simply leads to R eff > M and is satisfied for M < 2; 347.
Diagnostics of Silane Plasmas
Silane plasmas
We combined the TOF-MS with the standard PECVD rf capacitive-discharge reactor to diagnose the plasmas as shown in Fig. 2 . The experimental conditions typical of the a-Si:H thin-film deposition were adopted to demonstrate the applicability of the present diagnostic system to the practical PECVD reactors. A set of parallel-plate electrodes (100 mm in diameter with electrode separation of 60 mm) was used for the deposition of a-Si:H thin-films. The silane plasma relevant to the a-Si:H deposition was generated between the electrodes at the excitation frequency of 13.56 MHz. In the experimental demonstration of the diagnostic system, the plasma parameters were chosen as pure silane flow rate of 1-10 sccm, gas pressure of 1.3-6.5 Pa (10-50 mTorr) and RF power of 1-10 W. No heating or cooling was applied to either the powered or the grounded electrode.
Observation of positive ion clusters and neutrals
In our present measurement, the gas was sampled through an orifice on the grounded electrode. The neutral clusters effusing with the gas flow were introduced into the TOF-MS system through the skimmers as cluster beams. In the measurement of the positive ion clusters, their flux was enhanced by the positive self-bias potential of the plasmas. The positive ions incident into the accelerator region with a longitudinal velocity are deflected by the pulsed electric field perpendicularly and focused by the quadrupole ion optics so that they may be aligned parallel to pass a drift tube along the optical axis and to reach the two-stage reflector.
The positive ions [Si n H x ] þ were first observed only in the limited size-region of n 5 in the early works carried out by the conventional QMSs.
3) Thereafter, the positive ions up to n ¼ 11{12 were observed in the QMS measurement by means of a plasma process monitor. 4) This fact indicated that the upper size-limit of n 5 reported in the previous works was not essential but only apparent due to the low detection efficiency or sensitivity. An example of the time-of-flight mass spectra of the positive ions observed by the TOF-MS is shown in Fig. 3 . We have succeeded in observing the positive ions up to n ¼ 11 owing to a high detection efficiency of our TOF-MS. We could resolve individual mass peaks for each x because of a high mass resolution. Figures 3(b) and 3(c) show expanded mass spectra corresponding to n ¼ 1; 2 and 8 n 11, respectively.
The x-distribution of Si n H x is an indicator of the cluster structures. It is important to resolve the hydrogen contents of different clusters. According to the silicon isotope atoms of 28 Si(92.23%), 29 Si(4.67%) and 30 Si(3.10%), the isotope distributions are overlapped with the x-distribution on the mass spectra. One cannot correctly estimate the x-distributions by the current detection method because of the scatter of the magnitude of the detected ion signals especially at the low signal level. By our TOF-MS with the high mass resolution, we can identify the individual isotope contributions to each peak on account of the pulse counting detection method. In the data of Fig. 3 , the observed counts at
þ with x > 2n þ 3 for 2 n 11 agree with those of the theoretically expected values for the isotope abundance of [Si n H 2nþ3 ] þ . We conclude that the observed positive ions in Fig. 3 are x 3 for n ¼ 1 and
þ show relatively low counts. These features may be explained as ionization and growth processes of the positive ions in the plasma related to the stable neutral clusters of Si n H 2nþ2 . We also observe the dependence of n and x on the plasma parameters.
We measured neutral clusters under the same plasma conditions as those adopted in the positive ion measurement. After passing the region between the deflector electrodes to eliminate charged particle species, the neutral clusters were photo-ionized by ArF (6.4 eV) or F 2 (7.9 eV) excimer laser pulses. Thereafter they are measured in the same manner as the positive ions as described above. It should be noted that the observed mass spectra depend on the photon energy and the laser fluence as the polysilane molecules are sensitively subject to photo-induced dissociation. In a practical measurement, we reduced the laser fluence to a minimal level in order to avoid multi-photon ionization. We observed the neutral clusters as the singly-photoionized forms of [Si n H x ] þ up to n 5 as shown in Fig. 4 . The maximum size of n ¼ 5 is consistent with the previous results obtained by QMSs.
3)
Observation of negative ion clusters
In contrast to the positive ions, the negative ionic clusters are effectively trapped in the temporally continuous plasmas that are self-biased at the positive potential and they scarcely effuse with the gas flow. Therefore the negative ions could not be readily detected despite their abundance in the plasmas. The presence of the negative ions in the silane plasmas was first revealed by the optical schemes. Then it became evident from the mass spectrometric analysis of the particles escaping from the after glow plasmas of the intermittent discharges that the negative ions consist of not only the small clusters but also the much larger clusters over a wide mass range. 4) It is important to understand the behaviors of these negative ions as they play an important role in the processing plasmas.
Considering these situations, we generated the plasmas by square-wave amplitude-modulated power sources to measure the negative ions. 3, 10) As the negative ions escape from the after glow plasmas in the low-power or power-off periods, the negative ions can be sampled. Such a discharge scheme is also adopted as one of the potential scenarios to suppress the powder formation in the plasma processing.
11)
In a demonstrative experiment, we adopted power-modulated plasmas generated with the modulation depth of 100% (ON/OFF modulated rf power discharges) and the pulse width of 500 ms at the modulation frequency of 1 kHz.
An example of the time-of-flight mass spectra of the negative ions observed by the TOF-MS is shown in Fig. 5 . While the negative ions [Si n H x ] À were observed as high as n ¼ 44 in the previous work, 3) we have succeeded in observing the negative ions of the much larger size up to À up to n ¼ 80.
n ¼ 80 owing to the extended mass-range of the present TOF-MS system. Although the details of the structures and kinetics of the negative ions will be reported elsewhere, we briefly mention them below. The observed negative ions were singly charged (one-electron attached) clusters. Pure silicon clusters of Si À n were also dominant for n % 6 and 10 that might be related to the stability of the pure silicon clusters of Si 6 and Si 10 . There was a difference of the ndependence between the positive ions and the negative ions.
On the practical measurement of the negative ions in the power-modulation scheme, we have two problems; the acceleration of the extracted negative ions by the residual field between the charged electrodes and the noise induced by the stray electrons. As for the first one, as the driven electrode (the cathode) capacitively charged by the selfbiased plasma potential remains at the negative bias potential even during the plasma-off period for the circuit time constant, the negative ions are accelerated to the orifice on the anode. Thus, the negative ions of different masses reach the acceleration region of the TOF-MS with the massdependent time delay. Therefore it should be noted in the time-resolved mass spectrometry that the observed timehistory of the mass spectra is affected by this time delay. As for the second problem of the noise induced by the stray electrons, we point out that there are two kinds of electrons. One kind is the electrons from the plasmas. The electrons are introduced in the TOF-MS and measured as the particles with the negative charge. We can discriminate the signal from these electrons since they appear in the low mass regions on the time-of-flight mass spectra. The secondary electrons, which are generated in the accelerator by the ion bombardment on the electrodes, are accelerated in the direction of the reflector and some of them reach the detector, superposing the noise on the negative ion signal. The noise was a serious problem in the early phase of our development but we have solved this problem by modifying the electrode structure to suppress the generation of the secondary electrons in the accelerator.
Discussion and Conclusion
We compare the experimentally observed mass resolution with the theoretically predicted scaling of the mass resolution as a function of the mass M given by eq. (2.7), which is shown by a solid line in Fig. 6 .
The data points in the lower mass region were measured for Si n H x clusters and they follow the scaling of
. On the present plasma CVD reactor, we could observe the Si n H x clusters only of the relatively low mass range. Therefore the mass resolution in the higher mass range M . 20; 000 u=e was obtained from the measurement of the tantalum clusters of 181 Ta m with m 110. The tantalum clusters were generated in the laser ablation source filled by an ambient helium gas and introduced to the TOF-MS system. Although the resolution depends on the conditions of the cluster sources, the tantalum cluster beams were generated and sampled in the nearly same geometry as in the silane plasma diagnostics.
The ðn; xÞ-distribution of Si n H x is an indicator of the structure of the polysilane molecules that are considered to be the precursors of the dust in the processing plasmas. In the past, it has been difficult to estimate the detailed ðn; xÞ-distributions owing to the complex overlapping of the mass peaks in the presence of different silicon isotopes. By using our TOF-MS with a sufficiently high mass resolution and the pulse counting method, one can qualitatively resolve the individual isotope contributions and the ðn; xÞ-distributions in the mass region of M . 2; 000 u=e.
To summarize, we have developed a compact reflector TOF-MS of 1m in length to diagnose the plasma enhanced CVD processes. The TOF-MS showed a high mass resolution of R eff ! 2; 000 in the high mass range of up to M ¼ 20; 000 u=e. As a demonstrative experiment, we measured the neutral and positive ion clusters from the continuouswave discharge silane plasmas and the negative clusters from the power-modulated intermittent discharge plasmas. The clusters of the larger sizes were observed because of the available wide mass range of the present system.
The experimentally obtained mass resolution is favorably compared with the theoretical prediction as a function of the mass. Although the attained mass resolution is sufficiently high for the processing plasma diagnostics, the theoretical examination suggests that further improvement in the mass resolution is possible by increasing the stability of the high voltage power supply and decreasing the ionizing laser pulse width and the ion-detector response time.
The present compact TOF-MS system is a versatile and powerful tool to monitor the reaction processes of various particles including the higher-order molecules and the clusters in different processing plasmas for the thin-film deposition and the surface treatment. Fig. 6 . Mass resolution as a function of the mass. The data points in the lower mass region were obtained for the Si n H x clusters while the points in the higher mass range were derived from the mass spectrum of the tantalum clusters 181 Ta m up to m % 110. The solid line is a theoretical scaling of R eff predicted by eq. (2.7) with R Át ¼ 141 ffiffiffiffi ffi M p and R ÁK ¼ 2; 500.
